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MinireviewGiving Meaning to Movement
scription factors of other classes and in other species.M. Kathryn Barton1,2
Department of Genetics One particularly convincing set of experiments docu-
University of Wisconsin—Madison mented the behavior of the LEAFY transcription factor,
Madison, Wisconsin 53706 a protein that acts in the apical meristem to promote
and Department of Plant Biology the transition from the vegetative to the flowering state
Carnegie Institution of Washington in Arabidopsis (Sessions et al., 2000). Both LEAFY mRNA
Stanford, California 94305 and protein are normally found in similar domains
throughout the Arabidopsis meristem so, unlike the
maize KNOTTED gene product, there was no need to
A growing body of evidence indicates that plant tran- invoke movement of the transcription factor. However,
scription factors move between cells. A recent paper Sessions et al. found that confining expression of LEAFY
by Nakajima et al. (2001) shows that movement of mRNA to the outermost layer of the meristem was suffi-
the SHORTROOT protein provides a mechanism for cient to complement the leafy mutant phenotype. This
signaling positional information between cell layers of was readily explained by the observation that the LEAFY
the root. protein was present and active in all layers of the meri-
stem. While providing strong evidence of transcription
Transcription Factor Movement—A Phenomenon factor movement, this study did not attach biological
in Search of a Function relevance to LEAFY movement although the authors
The earliest indications of intercellular transcription fac- speculated that protein movement may provide a
tor movement came from observations of the maize backup mechanism to ensure that the entire meristem
KNOTTED homeodomain protein. KNOTTED is a tran- is coordinately converted to a flower.
scription factor required for development of the maize SHORTROOT Protein Is Trafficked to Adjacent Cells
shoot apical meristem, the main site of proliferation and where It Directs Endodermal Development
pattern formation in the shoot. Loss-of-function knotted The Arabidopsis root consists of three layers of cells
alleles result in failure of the meristem to form during surrounding the vascular cylinder, or stele (Figure 1);
embryogenesis while gain-of-function alleles cause ec- these layers are the endodermis, the cortex, and the
topic outgrowths (knots) and distal-to-proximal trans- epidermis. Each layer of cells consists of multiple files
formations of cell fates in the leaf (Freeling and Hake, of cells that converge on the root apical meristem at the
1985; Kerstetter et al., 1997). Thus, the KNOTTED protein root tip. The length of the root is increased by transverse
affects both cell proliferation and cell fate acquisition. cell divisions that act to increase the number of cells in
Early experiments on the KNOTTED transcription fac- a file. The girth of the root is increased by longitudinal
tor showed that its action was cell nonautonomous; divisions of a few key cells near the root tip. These
cells carrying a gain-of-function Knotted allele caused longitudinal divisions act to increase the number of cell
adjacent wild-type cells to proliferate and form knots
layers in the root. Thus, a single set of stem cells (the
(Sinha and Hake, 1990). The simplest explanation for this
cortex/endodermal initial cells), arranged in a ring in the
observation is that the KNOTTED transcription factor
root meristem, gives rise to both the endodermal and
activates other genes responsible for the production of
cortical cell layers. When each stem cell divides, itssmall diffusible molecules that in turn act on neighboring
distal descendant (the daughter cell closest to the rootcells. However, later experiments showed that while
tip) retains stem cell character while the proximal de-KNOTTED mRNA was in only a subset of cells in the
scendant (the cortex/endodermis initial daughter cell)meristem, KNOTTED protein could be found throughout
divides longitudinally to generate an endodermal pre-the meristem (Smith et al., 1992; Jackson et al., 1994).
cursor and a cortical precursor. The endodermal andThis result suggested a novel mechanism for the cell
cortical cell precursors then undergo a series of trans-nonautonomous action of KNOTTED: movement of the
verse cell divisions adding cells to the length of thetranscription factor itself between cells. Indeed, when
growing layers.fluorescently labeled KNOTTED protein was injected
The SHORT ROOT protein is required for specificationinto mature leaf cells, it moved to adjacent cells (Lucas
of the endodermal cell layer and for the longitudinalet al., 1995). One surprising result from this series of
division of the cortex/endodermis initial daughter cellinjection experiments was that injected KNOTTED
(Helariutta et al., 2000). Thus, in shortroot mutants theremRNA also moved between cells. This movement was
is a single cortical cell layer and no endodermal layer.specific to the KNOTTED mRNA and required wild-type
The SHORTROOT gene encodes a presumed transcrip-KNOTTED protein. Thus, the rules for intercellular move-
tion factor of the plant-specific GRAS type. A first hintment, what can move and where, may differ between
that SHORTROOT might be among the class of tran-the mature leaf cell and the meristem.
scription factors that move was provided by the obser-Similar observations have been made for plant tran-
vation that SHORTROOT mRNA accumulates in the stele
rather than in the layer in which it is thought to act, the1 Correspondence: barton@andrew2.stanford.edu
endodermis. Thus the SHORTROOT gene would act cell2 Present address: Department of Plant Biology, Carnegie Institution
of Washington, Stanford, California 94305 nonautonomously to effect endodermal development
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tory sequences activate transcript accumulation in the
cells adjacent to the stele into which SHORTROOT is
thought to traffic.
The SCARECROW protein is required for normal
root development (Di Laurenzio et al., 1996). Like
SHORTROOT, SCARECROW is a member of the GRAS
family of presumed transcription factors and is required
for the longitudinal division of the cortex/endodermis
initial daughter cell. However, instead of developing as
cortex, as it does in shortroot mutants, the single cell
layer develops with apparently mixed cortical and endo-
dermal fates in scarecrow mutants. The two genes ap-
pear to act together in a single regulatory pathway with
SHORTROOT acting as a positive regulator of SCARE-
CROW since SCARECROW mRNA levels are reduced
in shortroot mutants.
The exciting result observed in plants that expressed
SHORTROOT under the control of SCARECROW regula-
tory sequences was that the transgenic plants madeFigure 1. Longitudinal Section through an Arabidopsis thaliana
Root Tip many more cell layers than wild-type roots and the extra
layers were all specified as endodermis. This result canThe central stele (violet) is surrounded by three concentric layers:
the endodermis, the cortex, and the epidermis. (Close to the root be explained by a model that invokes SHORTROOT
tip, as in this photo, layers of root cap surround the epidermis.) In movement and positive regulation of the SCARECROW
this photograph, one file of endodermal cells is colored yellow, one promoter sequences by SHORTROOT (Figure 2). Specif-
file of cortical cells is colored blue. In addition, one of the stem cells
ically, SHORTROOT protein moves one layer outwardthat gives rise to both of these layers, the endodermal/cortical initial
from its site of synthesis and specifies endodermal cellcell, is colored green.
fate in the target layer. SHORTROOT also activates the
SCARECROW promoter. In the wild-type, this increases
SCARECROW mRNA levels which causes the cortex/and cell division. Using both a GFP fusion protein and
endodermis initial daughter cell to divide longitudinally,a SHORTROOT-specific antibody, Nakajima et al. (2001)
making two layers. In the SCARECROW::SHORTROOTshow that, in contrast to the limited mRNA expression
transgenic plant, SHORTROOT not only activates synthesisdomain, SHORTROOT protein is found in both the stele
of SCARECROW mRNA in the target layer but also activatesand the endodermis. The simplest interpretation of these
synthesis of its own mRNA from the SCARECROW pro-data is that the protein is synthesized in the stele and
moter. The newly synthesized SHORTROOT protein couldmoves into the endodermis.
then be transported another layer outward and repeat
A more complex, and therefore perhaps less likely,
the cycle. This would result in the generation of many
explanation is that SHORTROOT mRNA is unstable in
cell layers, all specified as endodermis.
the endodermal cell layer. Nakajima et al. (2001) cite as
While the positive autoregulatory loop generated in
evidence against such instability an earlier experiment this experiment is artificial, some species of plants have
(Helariutta et al., 2000) in which SHORTROOT mRNA roots with a large and variable number of cell layers.
was forced to accumulate in the endodermis when ex- These roots are at least superficially similar to some of
pressed under the control of a spatially constitutive viral the roots seen in SCARECROW:: SHORTROOT trans-
promoter. Nevertheless the unstable mRNA hypothesis genic plants, raising the possibility that such alternative
cannot be entirely ruled out since potentially destabiliz- root morphologies involve controlled transcription fac-
ing sequences in the untranslated regions of the mRNA tor movement combined with positive autoregulatory
may have been left out when the SHORTROOT mRNA loops.
was expressed from the viral promoter and/or overex- Note that the SHORTROOT protein is transported one
pression of SHORTROOT mRNA may saturate the sys- cell-layer’s width across a boundary that juxtaposes
tem responsible for turnover of this mRNA. SHORTROOT expressing cells and SHORTROOT non-
Role of SHORTROOT Protein Movement expressing cells. Thus, SHORTROOT imparts a finer
in Conveying Positional Information grain of pattern on a coarse pattern already present in
The presence of SHORTROOT mRNA in the cells adja- the root. Distinct developmental boundaries exist in
cent to those in which it is thought to act suggests other locations in the plant (for instance between the
that intercellular transcription factor movement may ad- and abaxial domains of the developing leaf); it will
play a role in the generation of positional information. be interesting to find out whether a similar mechanism
SHORTROOT protein moving outward from the stele of local transcription factor movement is responsible for
into the adjacent cell layer would inform these adjacent refining pattern at these sites.
cells of their position next to the stele and subsequently What Is the Mechanism of Intercellular
direct them to develop as endodermal cells. To test this Transcription Factor Movement?
idea, Nakajima et al. (2001) expressed SHORTROOT in It is widely assumed that transport of transcription fac-
the cells adjacent to the stele by fusing the SHORTROOT tors occurs through the plasmodesmata. Plasmodes-
coding sequence to the regulatory sequences upstream mata are pores that connect adjacent cells (for a recent
review see Zambryski and Crawford, 2000). These poresfrom the SCARECROW gene. The SCARECROW regula-
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Plamodesmata transport both nontargeted and tar-
geted molecules (e.g., Crawford and Zambryski, 2001).
Nontargeted transport allows the diffusion of molecules,
even those of exogenous origin such as GFP, up to 50
kDa. Targeted molecules are transported actively and
include viral movement proteins responsible for allowing
intercellular movement of virus during infection. Tar-
geted molecules can often “open” plasmodesmata and
in so doing may affect the transportability of other, non-
targeted molecules. Viral movement proteins have been
reported to localize at the plasmodesmata between
cells. The mobile transcription factors discussed in this
review are thought to belong to the targeted class of
proteins although transcription factors (such as LEAFY)
that are under 50 kDa could presumably exhibit nontar-
geted movement. However, to date none have been
caught in the act of traversing the plasmodesmata be-
tween cells. In one study, sequences resembling a nu-
clear localization signal sequence were identified as crit-Figure 2. Model for SHORTROOT Protein Movement in Generating
ical for intercellular movement of KNOTTED but thePositional Information in the Developing Root
mechanism by which these molecules are targeted isCoarse pattern laid down in early root development results in stele
cells that express SHORTROOT mRNA (black squiggles) bordering unknown (Lucas et al., 1995).
cells that do not express SHORTROOT mRNA. SHORTROOT protein Control of Movement
is synthesized in the stele where it is found both in the cytoplasm Not all transcription factors are capable of movement
and in the nucleus. SHORTROOT protein travels through plasmo- (see for example Jenik and Irish, 2001). Furthermore,
desmata to the adjacent cell layer informing this cell layer of
even those capable of movement seem to be restrictedits proximity to the stele. An unknown mechanism prevents
in their range. For instance the SHORTROOT proteinSHORTROOT protein from moving more than one cell layer out. In
the cell layer adjacent to the stele, SHORTROOT promotes both appears to be limited to moving one cell layer out from
endodermal cell fate and the longitudinal division of the cortex/ its site of synthesis. Thus, mechanisms must exist to
endodermal initial daughter cell. This division is necessary for the control what cargo moves, how far the cargo moves,
development of two cell layers and requires the function of the and possibly in what direction the cargo moves. As de-
SCARECROW protein. SCARECROW is expressed in the endoder-
scribed above, plasmodesmata have been observed tomal cell layer and is under the positive control of SHORTROOT.
exist in various states. For nontargeted movement these
states vary with the physiological state of a cell and its
stage of development (Crawford and Zambryski, 2001).are lined with plasma membrane and have in their center
For targeted cargo, such variation has not been de-a desmotubule that appears to be continuous with the
tected.endoplasmic reticulum. Transport is believed to occur
Groups of cells may be preferentially connected intovia the cytoplasmic sleeve that surrounds the desmotu-
symplasmic domains. Such domains may be dynamic,bule. Alternative transport routes seem less likely as
shifting in the course of development and changing thethese would require the transcription factor proteins to
sets of cells that interact via plasmodesmata-borne sig-be secreted from the cell and transported through the
nals. For instance, dye injected into the peripheral zonewall. None of the mobile transcription factors described
of the shoot apical meristem spread throughout the pe-to date are reported to have sequences required for
ripheral zone but was excluded from the central zonesecretion. However, it remains possible that such signal
and vice versa (Rinne and Van der Schoot, 1998). Whensequences are not of the traditional type. For instance,
leaf primordia were initiated, these domains appeared toJoliot et al. (1998) have reported on the presence of an
be linked transiently. What determines the distribution,unconventional signal sequence present in the third helix
extent, and dynamics of these interconnected symplas-of the ENGRAILED homeodomain protein that is required
mic zones promises to be a fascinating part of the nextfor secretion in a mammalian cell culture system.
decade of plant developmental biology.Plasmodesmata have been hypothesized to have
three states: closed, open, and dilated. Closed plas-
Selected Readingmodesmata do not allow for intercellular exchange of
molecules. Open plasmodesmata allow for exchange Crawford, K.M., and Zambryski, P.C. (2001). Plant Physiol. 125,
of micromolecules such as ions, photoassimilates, and 1802–1812.
growth regulators. The size of the largest molecule capa- Di Laurenzio, L.D., Wysocka-Diller, J., Malamy, J., Pysh, L., Helari-
ble of traversing open plasmodesmata is referred to as utta, Y., Freshour, G., Hahn, M.G., Feldmann, K.A., and Benfey, P.N.
the basal size exclusion limit (SEL) and varies depending (1996). Cell 86, 423–433.
on the type of cell and its physiological state. Finally, Freeling, M., and Hake, S. (1985). Genetics 111, 617–634.
dilated plasmodesmata allow for exchange of macro- Helariutta, Y., Fukaki, H., Wysocka-Diller, J., Nakajima, K., Jung, J.
molecules in sizes above the basal SEL. Both actins and Sena, G., Hauser, M.-T., and Benfey, P.N. (2000). Cell 101, 555–567.
myosins have been observed associated with plasmo- Jackson, D., Veit, B., and Hake, S. (1994). Development 120,
405–413.desmata, suggesting that a system of actin-myosin
based contraction controls the state of plasmodesmata. Jenik, P.D., and Irish, V.F. (2001). Development 128, 13–23.
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